This work comprehensively investigates device characteristics of a ␦-doped In 0.45 Al 0.55 As/In 0.53 Ga 0.47 As/GaAs metamorphic highelectron-mobility transistors ͑HEMTs͒ with different gate alloys, including Ti/Au, Ni/Au, Pt/Au, and Au. The impact-ionizationrelated kink effects on the device performances are found to be significantly improved by depositing the high-barrier-height gate alloys. As compared to conventional Au-gated metamorphic HEMTs, the devices with Ti/Au, Ni/Au, and Pt/Au gate alloys have shown superior low-noise, high-power, and high-linearity gain performances, respectively. © 2006 The Electrochemical Society. ͓DOI: 10.1149/1.2349286͔ All rights reserved. Over the past few years, GaAs and InP have taken the position of being the most technologically important substrates. At present, the major uses of GaAs-based pseudomorphic high-electron-mobility transistors ͑pHEMTs͒ are in the areas of millimeter-wave and highspeed digital integrated circuits. Meanwhile, the microwave and noise performances of the GaAs-based pHEMTs can be improved by increasing the In composition of InGaAs channels to improve their intrinsic transport characteristics. However, the In composition of the InGaAs channel layer was restricted below approximately 0.25 to maintain the critical layer thickness on the GaAs substrates, estimated by Matthews and Blakeslee.
Over the past few years, GaAs and InP have taken the position of being the most technologically important substrates. At present, the major uses of GaAs-based pseudomorphic high-electron-mobility transistors ͑pHEMTs͒ are in the areas of millimeter-wave and highspeed digital integrated circuits. Meanwhile, the microwave and noise performances of the GaAs-based pHEMTs can be improved by increasing the In composition of InGaAs channels to improve their intrinsic transport characteristics. However, the In composition of the InGaAs channel layer was restricted below approximately 0.25 to maintain the critical layer thickness on the GaAs substrates, estimated by Matthews and Blakeslee. 1, 2 The InAlAs/InGaAs HEMTs lattice-matched to the InP substrate have shown superior microwave and low-noise characteristics over GaAs-based pHEMTs [3] [4] [5] due to higher low-field electron mobility, higher peak electron velocity, larger conduction band discontinuities ͑⌬E C ͒ between the Schottky contact layer and the channel layer, and higher two-dimensional electron gas ͑2DEG͒ density. However, GaAs substrates are more suitable for large-scale millimeter-wave integrated circuit ͑MMIC͒ production than the InP substrates, which exhibit mechanical fragility, are not available in large scale, and are more expensive. Therefore, to accommodate the lattice mismatch between the GaAs substrate and the active layers, several researchers have carried out the growth of InAlAs/InGaAs metamorphic HEMTs ͑MHEMTs͒ on GaAs substrates over the past few years. [6] [7] [8] In addition, unstrained InAlAs/InGaAs heterostructures can be grown with almost any InAs mole fractions, and the In content can provide an additional structural design parameter. Thus, by modulating the In composition of the metamorphic buffer layer, we can arbitrarily adjust In composition in the channel to improve transport characteristics. 9, 10 Nevertheless, the narrower bandgap channel is observed to easily initiate the impact-ionization effects. The generated carriers through the effective impact ionizations will further result in the kink effects to degrade the output conductance, reduce the voltage gain, and cause excess noise. This may be further related to the degraded breakdown characteristics and the premature burnout.
11,12
The impact-ionization-generated holes in the channel are injected across the Schottky layer 13 and collected by the gate terminal. The gate engineering, including the Schottky barrier height and the interfacial valence band discontinuities between the Schottky layer and the channel region, significantly dominate the device characteristics. The observed physical phenomena in the reduced impact-ionization-related kink effects and preliminary comparisons by employing high Schottky-barrier-height gate alloys have been discussed in our previous express report. 14 In this work, we provide complete investigation on the influences on device breakdown characteristics, extrinsic transconductance, saturation drain current density, turn-on voltage, threshold voltage, noise characteristics, power performance, and the high-frequency characteristics in MHEMTs by using various gate alloys. Table I shows the studied MHEMT epitaxial structure grown on a semi-insulating GaAs substrate by using molecular beam epitaxy ͑MBE͒ technique. A 0.6 m undoped InAlGaAs metamorphic graded buffer layer was deposited on the GaAs substrate by keeping its bandgap larger than the GaAs substrate ͑1.42 eV͒. Different from using the InAlAs buffer in the conventional metamorphic or InP-based HEMTs, the present device employs a quaternary linearly graded InAlGaAs buffer to not only effectively accommodate the lattice mismatch between the active layer and the GaAs substrate, but also to increase the discontinuity barrier within the channel/ buffer interface to improve channel isolation. Upon the graded buffer, a 0. ing from the substrate layer can be effectively suppressed. 15 The device fabrication details and its Hall measurement characteristics have been discussed in our previous work. 14 The dc gate dimensions are 1.2 ϫ 100 m, and the source-to-drain distance is 7 m for all devices.
Experimental

Results and Discussion
DC characteristics.-The two-terminal gate-source forward current-voltage characteristics of the studied MHEMTs using Ti/Au, Ni/Au, Pt/Au, and Au gates are shown in Fig. 1 , respectively. By extrapolating the I-V curves to V = 0, the intercepts can determine the saturation current density ͑J s ͒ to be 6.37 ϫ 10 −3 , 5.96 ϫ 10 −5 , 5.51 ϫ 10 −5 , and 4.96 ϫ 10 −7 A/cm 2 for Au, Ti/Au, Ni/Au, and Pt/Au Schottky contacts, respectively, at 300 K. The current-voltage characteristics of a metal/semiconductor contact under the thermionic-emission conduction can be expressed as
where J s is the saturation current density, V is the applied bias, k is the Boltzmann constant, T is the temperature in kelvin, ⌽ B is the Schottky barrier height, and A * is the effective Richardson's constant, respectively. For the In 0.45 Al 0.55 As compound in this work, A * was determined to be 9.6 A/cm 2 K 2 . Therefore, from Eq. 2, ⌽ B can then be determined by
Therefore, the calculated Schottky barrier height ͑⌽ B ͒ for Au, Ti/Au, Ni/Au, and Pt/Au Schottky contacts are 0.485, 0.606, 0.608, and 0.73 eV at 300 K, respectively. Figure 2a shows the extrinsic transconductance ͑g m ͒ as a function of gate voltages for the studied device with various gate alloys at room temperature, respectively. The maximum extrinsic transconductance values ͑g m,max ͒ are 280, 220, 206, and 200 mS/mm for the Au, Ti/Au, Ni/Au, and Pt/Au gate electrodes, respectively. Though the Au-gated MHEMT shows the highest transconductance, its observed sharper transconductance profile near the threshold voltage than others is due to the kink effects. As for the Ti/Au, Ni/Au, and Pt/Au gates, though the larger Schottky barrier height may reduce the discontinuity of the valence band, making the holes easier to be injected into the gate, the depletion region under the gate will be significantly extended due to the increased surface potential, consequently resulting in the decreased carrier population in the channel. The decreased 2DEG concentration can effectively relieve the impact-ionization-induced kink effects. The influences by using high Schottky-barrier-height gate alloys, like Ti/Au, Ni/Au, and Pt/Au, can dominate over the reduction in the valence band discontinuities to demonstrate improved gate-voltage swing ͑GVS͒ linearity characteristics than the Au-gated device, as shown in Fig. 2a . Figure 2b shows the saturation drain current density ͑I DS ͒ as a function of the gate voltages for the studied device with various gate alloys at room temperature, respectively. The I DS values at V GS = 0 V are 433, 415, 421, and 394 mA/mm for the Au, Ti/Au, Ni/Au, and Pt/Au gate electrodes, respectively. The threshold voltage ͑V th ͒ can be determined from the intercepts by the extrapolation of the ͑I DS ͒ 1/2 vs V GS curve. The V th values were determined to be −2.47, −2.24, −2.24, −1.95 V for Au, Ti/Au, Ni/Au, and Pt/Au gate metals at 300 K, respectively. With the identical gate epilayer structures, Pt/Au-gated MHEMT exhibits the highest threshold voltage due to its highest Schottky barrier height, whereas the Au-gated device shows the lowest V th value. Figure 3a illustrates the two-terminal gate-drain turn-on characteristics of the studied devices for employing various gate alloys at room temperature. The values of turn-on voltage ͑V on ͒, defined at I GD = 1 mA/mm, are observed to be 1.11, 1.20, 1.21, and 1.23 V for Au, Ti/Au, Ni/Au, and Pt/Au gate metals, respectively. The V on indicates the upper limit of the applied forward gate bias before the gate leakage degradation occurs. Thus, higher V on value implies a higher current level in the channel may be induced at the extended forward gate biases, resulting in an enhanced device power handling capability. The barrier height of Pt/Au is the largest among the deposited gate alloys, resulting in the lowest saturation current in the channel layer due to its most depleted channel by the Schottky potential. Therefore, by the definition of the forward turn-on voltage at I G = 1 mA/mm, the highest turn-on voltage of the Pt/Au-gated device was expected, since more positive gate bias was needed to attract more carriers to initiate the current flow in the channel. The significantly improved V on characteristics for the studied different gates are essentially attributed to the use of the undoped wide-gap In 0.45 Al 0.55 As Schottky layer as well as the improved carrier confinement capability. The observed V on values are much higher than those of the lattice-matched InP-HEMT͑0.76 V͒, 16 the triplechannel InP-HEMT͑0.6 V͒, 17 and the lattice-matched InP-based doped-channel field-effect transistor ͑0.78 V͒, 18 with similar gate dimensions ͑1.5 ϫ 100 m 2 ͒ and the source-to-drain distance ͑7 m͒ for all devices.
In addition, two-terminal gate-drain reverse current-voltage characteristics at room temperature are shown in Fig. 3b . The two-terminal gate-drain breakdown voltages ͑BV GD ͒, defined at I GD = −1 mA/mm, are −5.8, −10.5, −10.6, and −11 V for Au, Ti/Au, Ni/Au, and Pt/Au gate metals, respectively. Significant improvements in the breakdown characteristics have been achieved by using the Ti/Au, Ni/Au, and Pt/Au gates over the Au-gate device.
The concluded dc characteristics show that the Pt/Au-gated device with the highest barrier height ͑⌽ B = 0.73 eV͒ has demonstrated the lowest saturation drain current density of 394 mA/mm at zero gate bias, the highest threshold voltage of −1.95 V, the highest turn-on voltage of 1.23 V, and the best gate-drain breakdown voltage of −11 V. Similar characteristics comparisons can be observed for the Ti/Au-and Ni/Au-gated MHEMTs than those of the Augated device.
High-frequency and voltage gain characteristics.-The S parameter of the studied device is measured by an HP8510B vector network analyzer in conjunction with the cascade probes over the frequency range from 0.5 to 18 GHz. The gate dimensions are 1.2 ϫ 200 m, and the source-to-drain distance is 7 m for all devices. Figure 4 shows the measured unity-gain cutoff frequency ͑ f T ͒ and the maximum oscillation frequency ͑ f max ͒ of the studied devices at V DS = 2 V and V GS = −1.5 V, respectively. The values of f T ͑ f max ͒ were found to be 17.2 ͑29.1͒, 23.8 ͑44.9͒, 23.8 ͑45.3͒, and 20.2 ͑53.7͒ GHz for the devices with Au, Ti/Au, Ni/Au, and Pt/Au gates at 300 K, respectively. f T can be approximated as
where C gs is the gate-to-source capacitance. At V DS = 2 V and V GS = −1. the devices with Au, Ti/Au, Ni/Au, and Pt/Au gates, respectively. Besides, due to the degraded kink-effects-resulted gate leakages in the Au-gated MHEMT, it shows the lowest f T value than others. In addition, without considering the parasitic effects, f max can be expressed approximately as
where R i is channel resistance and g d is output conductance. The peak gate current density ͑I G,max ͒ and the output conductance ͑g d ͒ are 28.3/68.7, 14.5/27.6, 2.1/26.1, and 2.2 A/mm/18.1 mS/mm for the devices with Au, Ti/Au, Ni/Au, and Pt/Au gates, respectively. With the identical channel structure to show the similar R i , values, f max is then simplified to be proportional to f T / ͱ g d . Determining the f T / ͱ g d value to be 2.08, 4.53, 4.66, and 4.75 GHz/ ͱ mS/mm or the devices with Au, Ti/Au, Ni/Au, and Pt/Au gates, respectively, the Pt/Au-͑Au-͒gated MHEMT has demonstrated the highest ͑lowest͒ f max value than others. In addition, the voltage gains, defined as
were calculated to be 2.81, 7.89, 7.85, and 10.5 for the devices with Au, Ti/Au, Ni/Au, and Pt/Au gates at V DS = 2 V, respectively. Due to the reduced impact-ionization-related kink effects by the high Schottky barrier height, the lowest g d value and the highest voltage gain for the Pt/Au-gated MHEMT were achieved as compared to other devices.
Power characteristics.-The power characteristics were measured by using an on-wafer load-pull system. The output power and the power gain characteristics at 2.4 GHz are shown in Fig. 5 , with V DS = 2 V and I DS = 150 mA/mm for the devices using the various gate alloys, respectively. The values of the small-signal power gain ͑G s ͒ were found to be 18.7, 20.3, 22.7, and 22.8 dB with the measured saturated output power ͑ P out ͒ of 11.26, 11.74, 13.14, and 12.97 dB m for the Au-, Ti/Au-, Ni/Au-, and Pt/Au-gated MHEMTs, respectively. The observed best output performances by using the Ni/Au gate alloys are due to its superior combinational contributions of the current drive and breakdown characteristics, as compared to others. Figure 6 shows the measured third-order intermodulation distortion ͑IMD3͒ characteristics vs the input power at 2.4 GHz, with V DS = 2 V and I DS Ϸ 150 mA/mm. Another parameter used to define the linearity of devices is called the third-order intermodulation distortion ͑IMD3͒, given by
IMD3 and OIP3 linearity characteristics.-
where P 2f 1 −f 2 is the output power at the ͑2f 1 − f 2 ͒ frequency and P f 1 is the output power at f 1 frequency. Since the third-order intercept power is typically about 10-12 dB above the 1 dB gain compression point, the third-order intercept point ͑OIP3͒ can then be extracted by
OIP3͑dB c͒ Ϸ P 1dB ͑dB m͒ + 10.6 dB ͓8͔
where P 1dB is the output power at 1 dB gain compression point. The IMD3 characteristics were measured by using the twotone frequencies at 2.4000 GHz and 2.4001 GHz. With the input power of −24 dB m, the IMD3 values of were determined to be −26.9, −36.9, −38.97, −42.09 dB c, with the extracted third-order intercept point ͑OIP3͒ of 8.99, 12.46, 16.01, and 15.96 dB m for the devices with Au, Ti/Au, Ni/Au, and Pt/Au gates, respectively. The Pt/Au-gated MHEMT has demonstrated the best IMD3 linearity than others due to its improved impact-ionization-related kink effects.
Noise characteristics.-The noise characteristics of the studied MHEMTs were measured by using an HP8970B noise figure meter in conjunction with the cascade probes over the frequency range from 1.2 to 7.2 GHz. The bias conditions for the noise characterization were V DS = 2 V and I DS Ϸ 100 mA/mm. Since the device kink effects can be significantly suppressed by using the Ti/Au, Ni/Au, and Pt/Au gates than the Au gate, their noise characteristics and the minimum noise figure ͑NF min ͒ all excel those of the Au-gated device, as shown in Fig. 7 
Conclusion
Comparisons between the MHEMT characteristics by using various Ti/Au, Ni/Au, Pt/Au, and Au gate alloys were made and investigated. The impact-ionization-related kink effects can be significantly improved by using the high-barrier-height gate alloys, including Ti/Au, Ni/Au, and Pt/Au, resulting in the comprehensively superior device gain, threshold, noise, power drive, breakdown, and high-frequency characteristics. Due to the highest barrier height by using the Pt/Au gate alloy ͑⌽ B = 0.73 eV͒, the Pt/Au-gated MHEMT demonstrates the highest turn-on voltage ͑V on = 1.23 V͒, gate-drain breakdown voltage ͑BV GD = −11 V͒, and threshold voltage ͑V th = −1.95 V͒. The high-frequency, power, IMD3 linearity, noise, and device gain characteristics are summarized in Table II 
